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ABSTRACT

Data on the electrostatic focusing system mounted in a 'Loam
analyzer is presented. For the voltages employed in the tests quite
good transmission through the focusing structure has been observed.

In addition rather complete data in the form of trajectory plots
obtained from a digital computer program for the hollow-beam gun as
well as the focusing system are presented. The hollow electron beam
is shown to be focused quite well throughout the system.

Work on the 100-300 mc metal-ceramic Crestatron is described.
Some of the cold-test data obtained somewhat modifies the original
calculations, but does not necessitate any design changes. The
present status of tube construction is given.
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QUARTERLY PROGRESS REPORT NO. 10

FOR

RESEARCH AND DEVELOPMENT ON HIGH-POWER CRESTATRONS

FOR THE 100-300 MC FREQUENCY RANGE

1. Introduction (G. T. Konrad)

Contract NObsr-81403 comprises a research and development program

on high-power 100-300 mc Crestatrons. It is the aim to construct com-

pact 100-watt Crestatrons employing permanent magnet focusing. Initially

the tube will be tested in a solenoid to meet electrical specifications.

Ultimately the permanent magnet focused tube will be ruggedized, as may

be necessary, so as to meet environmental specifications. All this

work is being conducted by the Bendix Research Laboratories on a sub-

contract from The University of Michigan.

Theoretical as well as experimental studies on high-perveance

hollow-beam electron guns, in addition to electrostatic focusing system;

initiated some time ago on this program, are being continued by The

University of Michigan. The ultimate goal of these studies is to

demonstrate the feasibility of using electrostatically focused high-power,

hollow electron beams in microwave devices.

2. Beam Analyzer Tests (G. T. Konrad)

In order to check the characteristics of the electrostatic

focusing system a focusing tester was constructed. This device, shown

in Fig. 2.1, is versatile enough so that changes in the geometry of the

focusing system may be made relatively easily. The electron gun is
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mounted in the beam analyzer in the usual fashion permitting it to be

moved in a horizontal as well as vertical plane. The gun test data so

obtained have been described in detail in previous progress reports on

this program. The major change in the setup is that the pin-hole

collector for sampling the beam has been replaced by the focusing tester.

As may be seen from Fig. 2.1 the focusing system consists of six

disks and an outer cylinder representing the helix. Each of the disks

has a separate external connection such that the voltages may be adjusted

independently for optimum beam transmission. If it is necessary to move

the outer cylinder with respect to the first focusing disk in order to

adjust the profile of the electric field at the entrance to the electro-

static focusing system, this can be accomplished relatively easily by

opening the beam analyzer and making the necessary adjustment. The beam

collector consists of a thin tantalum sheet coated with carbon.

In all the experiments done with the focusing tester the lens

voltage in the gun was adjusted for minimum anode interception. This, as

was indicated during previous gun tests, assured the desired beam shape

at the entrance of the electrostatic focusing system. It may be noted

in general from the results to be presented that the gun transmission was

not nearly as good as in the gun tests described in the last progress

report. There the collector had been biased with a positive voltage

which, it is believed, had a tendency to keep secondary electrons from

returning to the anode and also corrected the field distribution within

the final anode.

Basically three modes of operation were found to work for the

focusing system. The first, although not always the best from the stand-

point of overall beam transmission, is by far the simplest to achieve.
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The disk voltages are set so that all the odd-numbered disks are at the

high potential, V+, and all the even-numbered disks are at the low poten-

tial, V • In fact

V+ - Vo  V -V_ , (2.1)

where V is the beam voltage. Under these conditions it is found that0

the voltage on the outer cylinder, VH, is usually slightly less than the

beam voltage for best transmission. Figure 2.2 shows a plot of trans-

mission as a function of V H . Total transmission to the collector may be

seen to be as high as 24 percent, while the transmission through the

focusing system, neglecting gun interception, is nearly 60 percent. All

tests to be described here were conducted at the relatively low anode

voltage of 150 volts and a collector voltage of 350 volts. These were

the highest potentials possible in the beam analyzer under cw conditions

so that none of the parts became overheated. Since the focusing structure

had been designed to operate at a much higher voltage, better beam

transmission through the structure should be possible for higher beam

voltages. This is confirmed by the rise in the upper curve in Fig. 2.2.

Checking the system under pulsed conditions for higher voltages it was

found that the total transmission increased only slightly while the

transmission through the focusing system only could be increased consid-

erably. It was, however, very difficult to obtain accurate readings due

to current leakage along the ceramic support structures inside the gun

and along the center of the disks.

Figure 2.3 shows curves for similar conditions except that the

last disk is tied to the fifth disk electrically. This then forces the

exit from the focusing system to be at the low potential, V_. A marked

increase in transmission was observed. The focusing system is able to
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transmit approximately 90 percent of the current entering into it from

the gun.

The second mode of operation is such that

vD o D (2.2)

and

V D >v D 2 (2.3)

For each value of VH all the disk voltages are adjusted independently for

optimum transmission. Fairly good operation is thus achieved at rather

low voltages as indicated in Fig. 2.4.

The third mode of operation is the most unexpected one from theo-

retical considerations. Here the first disk voltage is below the anode

voltage such that

VD < V0  < VD2 (2.4)

and

VD KVD (2.5)

The transmission observed under these conditions is quite good, however,

as indicated in Fig. 2.5. As mentioned previously the focusing structure

has been designed to operate at higher voltages so that this third mode

of operation can be expected to work best only at the lower voltages.

In Fig. 2.6 the transmission is plotted as a function of VD - VD

This quantity is a measure of the strength of focusing in the system.

For a beam voltage of 150 volts best transmission may be obtained for a

focusing voltage of approximately 70 volts. The outer cylinder potential

is of course optimized as in all previous tests. If one defines a focus-

ing parameter, F, such that
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V -V
F + (2.6)V

it is found that at the design voltage of 1500 volts F = 0.667, while at

the low voltages employed in these tests F = 0.467. The beam is expected

to be focused considerably more easily at the lower voltages, but since

the values of F are quite comparable in the two cases it indicates that

the electrons have quite strong radial velocity components requiring the

relatively high value of F at these low voltages.

Figure 2.7 shows the best beam transmission attained as a function

of anode voltage while all other voltages are optimized. Here the mode of

operation described by Eqs. 2.4 and 2.5 was employed. It may be seen that

most of the beam interception occurs inside the gun. This is believed to

be at least partially due to secondaries returning to the anodes, hence

increasing the interception.

. Digital Computer Analysis of Electrostatically-Focused Electron Beams

(J. E. Boers)

Results obtained from the digital computer program for the P =

4.46 gun with the Einzel lens are shown in Figs. 3.1 and 3.2. Figure 3.1

shows the electron trajectories with the focusing (Einzel) lens electrode

potential at one half of the anode potential. Some focusing is evident

but the beam is still spreading after passing the focus electrode.

Figure 3.2 again shows the electron trajectories, this time with

the focusing electrode at one fourth the anode potential. Now the beam

is clearly converging after passing the focusing electrode and is still

converging as it leaves the gu region.

In the above analysis a l10 x 100 point matrix is employed to des-

cribe the gun geometry and electric fe]_ds. Since this is "lrerdy near
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the capacity of the computer, it was not possible to extend the beam

immediately into the drift region. Thus the electron trajectories are

obtained in two steps. First they are found for the gun region, such as

in Fig. 3.2, and then using this information consisting of velocities and

potentials along the last gun electrode as input data for the second step,

the trajectories are continued to the collector. The results obtained

for the second step consisting of the electrostatic focusing region are

presented below.

The trajectories with the outer electrode held 30 volts below the

final gun anode potential of 1500 volts are shown in Fig. 3.3- It is seen

that approximately 40 percent of the beam current is intercepted on the

first six focusing disks. The whole beam is drifting toward the axis and

it appears that most of the electrons would be intercepted by the next

8 to 12 disks.

The outer electrode potential was then changed so that it was only

10 volts below the final gun anode and the trajectories for this condition

are shown in Fig. 3.4. The electron interception on the first six elec-

trodes was reduced to 20 percent of the total current but the beam as a

whole still drifts toward the focusing disks and would probably be inter-

cepted further down the tube.

Figure 3.5 shows the electron trajectories when the outer electrode

is held at the same potential as the final gun anode. Due to an error in

the input data for the electrostatic focusing region the outer electrons

inadvertantly had their radial velocity copments in the wrong direction

and as a result are seen to drift toward the outer electrode faster than

they should. Further examination of the digital computer data indicates

that a slight radial acceleration has occurred and that the beam would
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have spread regardless of the initial velocities. The electrons closer

to the axis were properly started and are seen to drift within 0.010 inch

of the disks.

While interception has not occurred on the disks the beam as a

whole is spreading and interception would probably take place on the outer

electrode. Also these electrons are "ideal" and do not display any thermal

spread such as would occur in an actual device.

For an outer electrode potential of five volts negative with

respect to the final anode voltage the trajectories in Fig. 3.6 were

obtained. This beam appears to be fairly well behaved except for the fact

that it is moving closer to the focusing structure as it proceeds toward

the collector. This indicates that for the idealized conditions of this

computer run, where thermal velocity spreading is not included, it may be

possible to operate the outer electrode somewhere between zero and five

volts below beam potential and obtain fairly good transmission to the

collector.

Wherever interception occurs it may be noted that it usually takes

place on the low voltage disks, indicating that the defocusing region

between a high voltage disk and the succeeding low voltage disk is greater

than the focusing action of the focusing regions for the values of space

charge encountered in this beam. It may thus be necessary to use somewhat

stronger focusing fields in order to obtain perfect beam transmission.

4. Work Conducted at the Bendix Research Laboratories*

4.1 Electron Gun. The University of Michigan has tested an

electron gun of the type designed for this program. This gun was tested

* This material was submitted by Dr. J. G. Meeker of the Bendix Research
Laboratories.
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in the absence of a magnetic field. The beam profile is good at a point

one-half inch from the gun, although there was substantial beam intercep-

tion within the gun and the beam was expanding due to space-charge forces.

Figure 4.1, a series of plots, shows beam density versus radial position

at various axial distances from the anode. The design center of the beam

is at a radius of 0.267 inch; however, in Fig. 4.1, due to an absence of

magnetic field the beam is found outside this radius. This shift in

radial distance is caused by space-charge forces and some lens effects in

the gun.

At the Bendix Research Laboratories this gun has been operated in

the required magnetic field with less than 10 percent interception in the

gun and with less than one percent interception on a helical circuit

similar to the one to be used in the final tube. Under continuous oper-

ation at 425 ma, a microperveance of 19.8 was achieved readily.

Gun operation under magnetic field conditions is therefore con-

sidered satisfactory for the present requirements. Appropriate minor

changes will be made to reduce interception in the gun and to improve

beam formation.

4.2 R-f Match. The r-f match has been designed as a gradual

transition with a direct coax to helix connection, referred to as a pin

match. The VSWR of the match can be predicted and is dependent on the

length of the gradual transition. The lowest VSWR for a given length of

transition is obtained by varying Z exponentially with length, where Z

is the transmission-line impedance. In this case, it can be shown that

I - i 20 In P 2 2 (4.1)
29 ZL
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where r = voltage reflection coefficient,

8 = length of transition in radians a NLA,

ZH  = high impedance at one end of the transition,

ZL = low impedance at the other end of the transition,

L = length of transition.

For the Crestatron, ZH is the helix impedance which is approximately

400 ohms, while ZL is the impedance of the coaxial line and is approxi-

mately 50 ohms. The solid line of Fig. 4.2 is a plot for ZH/ZL = 8 and

for a transition length from 0 < L% < 4. The dotted line gives experi-

mental results obtained with an actual transition. The tube now being

assembled has a redesigned matching section which will work in the range

of 0.9 < L/X < 2.7. With this matching section a maximum VSWR of 1.35

to 1 is expected.

4.3 Cold Tests on the Shielded Helical Circuit. Cold tests have

been conducted on the helix mounted inside a shield as it will be in the

final tube. Curve A of Fig. 4.3 shows the phase velocity of the helix

with the shield in place, while Curve B shows the phase velocity without

the presence of a shield. These two curves would not normally be expected

to cross; but due to the higher dielectric loading in the presence of the

glass envelope in the unshielded case, the phase velocity was slowed

enough to cause the cross-over.

The dielectric loading factor was measured with the results shown

in Table 4.1. Table 4.1 also lists the DLF which was originally assumed

for the theoretical calculations. The two sets of DLF values are smewhat

different and therefore new calculations of the helix impedance were

performed. The results are given in Table 4.2 along with the previous

calculations for comparison.
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Table 4.1

Dielectric Loading Factors

Previously

Frequency Measured DLF Assumed DLF

100 0.871 0.702

200 0.873 o.811

300 0.874 0.858

Table 4.2

Interaction Impedances

Previously

Frequency Impedance K (Ohms) Calculated K (Ohms)

100 387 255

200 210 160

300 75 65

In addition, cold tests were conducted to measure the impedance using the

perturbation of the phase velocity by a thin rod along the axic of the

helix. Although these data points were scattered rather widely, they

tended to average near those values which were computed using the measured

DLF values of Table 4.1. The experimental test setup is being modified to

give more accurate results and the impedance measurements will be repeated

in order to confirm the computed values given in Table 4.2 .

4.4 Status of Tube Assembly. The first tube was to have been

completed by the end of November, 1962, but unexpeeted difficulties were

encountered with the r-f matching sections. In addition problems presented

themselves in making the brazes around the r-f feedthroughs vacuum-tight.

At present this is the only factor delaying assembly of the tube. It is

expected that the first tube will be completed in the near future, however.
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Figure 4.4 shows an exploded view of a complete tube. Once the tube has

been processed it is expected that some of the time lost due to assembly

difficulties can be made up by rapid testing and evaluation of the tube.

5. Summary and Future Work (G. T. Konrad)

During the coming quarter the P . 4.46 gun will again be operated

in the beam analyzer in conjunction with the focusing tester. Some efforts

will be made to prevent secondary electrons from returning to the gun

anode. In addition the current leakage along some of the ceramic support-

ing structures will be eliminated so that more meaningful results can be

obtained even at higher operating voltages.

The present P - 4.46 gun will be scaled to a microperveance value

of 20. This represents an increase in the perveance of nearly 4.5. The

geometry of the hollow beam will be kept approximately the same, but the

current density at the cathode will increase to a value of 1.5 amps/cm2 .

The beam power will be approximately 3 kw. This design will then be

programmed for the digital computer and electron trajectories will be

obtained within the gun region and in the electrostatic focusing system

to be designed.

During the coming quarter it is expected that a metal-ceramic tube

will be tested in a solenoid. Some of the cold tests described in this

progress report will be complemented with more complete data. The design

of the depressed potential collector will be completed and construction

of a tube using such a collector will get underway.
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